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The concerns of preimplantation
genetic testing for aneuploidies:
analysis and perspectives
Les préoccupations relatives aux tests génétiques préimplantatoires
pour les aneuploïdies: analyse et perspectives
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Résumé. Les aneuploïdies chromosomiques affectent principalement les embryons provenant
de patientes d’âge maternel avancé (AMA : > 35 ans), mêmes si environs 30 % des blastocystes
obtenus chez de jeunes femmes pourraient être aneuploïdes. Pour éviter le risque de transfert
d’embryons présentant une anomalie chromosomique (et/ou d’embryons atteints de maladies
monogéniques dont les mutations causales ont été identifiées dans les génotypes parentaux),
des tests génétiques pré-implantatoires (PGT) ont été introduits en fécondation in vitro. La
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biopsie du trophectoderme est le protocole le plus fiable et le plus validé pour récupérer un
échantillon embryonnaire à cette fin. Cependant, pour que le PGT soit efficace sur le plan
clinique, l’unité de FIV doit déjà maîtriser l’injection intracytoplasmique de spermatozoïde, la
culture du blastocyste et la vitrification. Les embryologistes qualifiés doivent connaître toutes
les forces et les pièges de chacune de ces techniques. De même, les cliniciens doivent claire-
ment indiquer les limites techniques (e.g., celles liées à la manipulation) et biologiques (e.g., le
mosaïcisme chromosomique) des tests génétiques quand ceux-là sont proposées aux patients.

Mots clés: biopsie du trophectoderme, blastocyste, vitrification, mosaïcisme chromosomique

Abstract. Chromosomal aneuploidies mainly affect embryos deriving from patients of
advanced maternal age (AMA; >35 years), even if about 30% of the blastocysts obtained from
young women might be aneuploid. To bypass the risk of transferring chromosomally-abnormal
embryos (and/or embryos affected from monogenic diseases whose causative mutations were
identified in the parental genotypes), pre-implantation genetic testing (PGT) has been intro-
duced in ART. Trophectoderm biopsy is the most reliable and validated protocol to retrieve an
embryonic specimen to this end. However, in order for PGT to be clinically-efficient, the IVF
Università degli Studi di Roma unit must be already proficient in ICSI, blastocyst culture and vitrification. Skilled embryolo-

d
o
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gists should be familiar with all the strengths and pitfalls of each of these techniques. Similarly,
the technical (e.g. manipulation-related hazards) and biological (e.g. chromosomal mosaicism)
limitations of genetic testing should be clearly acknowledged from the practitioners, especially
if counselling the couples indicated for PGT.

Key words : trophectoderm biopsy, blastocyst culture, vitrification, chromosomal mosaicism

I n humans, the high incidence
of aneuploidies derived from

impaired meiosis in gametogene-
sis and/or mitosis during embryo
preimplantation development is con-
sidered the single most impacting
factor on embryo development,
implantation failure and miscarriages.
In advanced maternal age women

out to be dramatic for blastocysts
chromosomal constitution. More
than 90% of embryonic aneuploi-
dies in embryos are imputable to
full-chromosome constitutive impair-
ments originated during oogenesis
[1]. Conversely, structural chromo-
somal abnormalities seem mostly
independent from maternal age and
(AMA defined as >
fall of fertility is ma
exponential increasi
embryonic aneuploi
IVF, AMA shows an i
upon fertilization rate
upon embryo develo
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bly arising from de novo events in
oogenesis and spermatogenesis or
mitosis [2].
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The clear association between increasing maternal age
nd decreasing success in conceiving both spontaneously
nd after IVF is becoming more and more relevant consid-
ring the worldwide trend in delaying the age at which
omen attempt to conceive. Several possible molecu-

ar and biochemical mechanisms involved in age-related
nfertility have been investigated in the effort to explain
he reduced competence of aged oocytes. This ranged
rom premature separations of sister chromatids in meio-
is I, mitochondrial disfunction, shortenings of telomeres,
ohesions dysfunction and meiotic spindle abnormalities.
owever, none of them has been yet exhaustively elu-

idated and no related clinical therapy is available to
ounteract the fertility decline.

It is well-known that the incidence of aneuploidies is
elatively low in new-born population (0.3%), and the
ain aneuploidies are trisomies for chromosomes 13,
8, 21 or sex chromosomes copy number variations,
ollectively causing more than 45% of all miscarriages.
ecent evidences suggest that the incidence of aneuploidy
eaches its highest levels after the first three days of pre-
mplantation development, when no checkpoint against
he occurrence of chromosomal abnormalities is in place
3, 4].

Chromosomal miss-segregation though represent an
ssue that is not limited to AMA patients: the baseline
roduction of aneuploid blastocysts is 30% in women
ounger than 35 and increases to >90% in women older
han 44 [1]. These are extremely relevant concepts, which
re at the root of research efforts to sidestep the risk of
ransferring chromosomally abnormal embryos in couples
ndergoing IVF.

Pre-implantation genetic testing (PGT) was developed
n the early 90s as a tool for embryo selection. It was
imed at identifying unaffected embryos from couples with
pecific monogenic diseases or structural chromosomal
bnormalities that could be inherited by their offspring.
t was introduced as a promising test, alternative to tra-
itional prenatal diagnosis, and then also used to test
mbryos for aneuploidies.

The first version of PGT was based on blastomere
iopsy at the cleavage stage, analysing nine chromosomes
ia fluorescent in situ hybridization (FISH). It failed to
ulfil the promises of reducing both implantation failure
er transfer and miscarriage rate [5]. Over time, chal-
enging investigations outlined the reasons for such failure
nd set out to implement new approaches. FISH analysis
as easily abandoned in favour of higher resolution and

ore accurate comprehensive chromosome testing (CCT)

echnologies like q-PCR, array-CGH, array-SNP, NGS. In
ontrast, the definition of the ideal biopsy stage was trick-
er. Throughout the last 30 years, three different settings
ere implemented: blastomere biopsy at the cleavage

tage, polar bodies biopsy (from oocytes/zygotes) and tro-
hectoderm biopsy from the blastocyst.

Médecine de la Reproduction, vol. 20, n◦ 4
Cleavage stage biopsy
and related concerns

The main workflow adopted across the years from the
first theorization of PGT entailed the FISH-based analysis
of one blastomere obtained from a cleavage stage embryo
(day3 of preimplantation development) showing at least
6 blastomeres and less than 30% of fragmentation. Nev-
ertheless, it has been demonstrated that this approach
impacts embryo reproductive competence and viability
[6]. It was in fact reported a striking 39% relative decrease
in implantation rate of embryos submitted to blastomere
biopsy with respect to sibling non-biopsied ones. As a con-
sequence, the use of cleavage stage biopsy might result in
a lower live birth rate (LBR) per intention to treat [5].

Moreover, the molecular methods for chromosomal
testing are inefficient if adopted to analyse a single cell.
Firstly, FISH is limited to the detection of only 9 chro-
mosomes, while the whole set of 22 autosomes and 2
sex chromosomes might be impaired in preimplantation
embryos. Secondly, even if the most advanced molecular
techniques are adopted to test low input DNA samples,
their accuracy might be undermined by technical arte-
facts resulting into higher rate of amplification failure and
higher risk of inconclusive diagnosis [7]. Thirdly, cells
might be in the S-phase of the cell cycle, therefore syn-
thetizing their genome, which is a further source of false
positive (FP) diagnoses [8]. Lastly, embryonic genome acti-
vation in humans does not occur before the 4 to 8 cell stage
transition, therefore, in the first divisions after fertilization,
there is no cell cycle control and the embryo is exposed
to high risk of mitotic chromosomal miss-segregation [3].
Indeed, chromosomal mosaicism (i.e. the co-existence of
cells with different chromosomal constitutions in the same
embryo) reaches its highest incidence at this stage of devel-
opment [4], which also represents the graveyard of most
developmentally-incompetent (possibly mosaic) embryos
(figure 1).

At present, cleavage stage biopsy is still widely used
in conjunction with CCT platforms, but only one random-
ized controlled trial (RCT) has been published to verify the
clinical effectiveness of this controversial setting [9].

Polar body biopsy and related concerns

Polar body (PB) biopsy entails the retrieval of both the
first and second polar body from the oocyte/zygote. This

approach is based on two premises: i) prenatal diagnosis
after natural conception or molecular analysis of products
of conception after miscarriage showed that vital trisomies
mainly originate from an improper maternal meiosis, par-
ticularly in the first division [1]; ii) PBs are waste products
of female meiosis and do not represent embryonic cells.
For this reason, PB biopsy is still performed nowadays in
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hose countries where embryo biopsy is forbidden and
his is the only possible approach. Moreover, PB biopsy,
f required, is compatible with a fresh embryo-transfer
trategy.

Recently, a multicenter RCT reported that PB-based
neuploidy-testing does not impact embryo reproductive
ompetence and that this approach entails a similar cumu-
ative LBR (CLBR) as standard IVF with higher implantation
nd lower miscarriage rates, as well as less embryos
ransferred and vitrified [10]. Nonetheless, its clinical
pplication still shows several limitations: i) the pater-
al genome and the mitotic errors post-fertilization are
xcluded from the analysis; ii) the technique is time-
onsuming and involves a high workload, since all oocytes
hould be biopsied twice (both PBs are needed), regard-
ess of their developmental competence to blastocyst; iii)
t is the least cost-effective approach; iv) it suffers from the
ame single cell-related issues as for blastomere biopsy; v)
ow accuracy was reported in predicting the actual embryo
hromosomal constitution [11, 12].

All the mentioned reasons contributed in limiting the
se of PB biopsy approach, which nowadays is performed
nly in those countries where it is the only strategy
llowed.

rophectoderm biopsy at the
lastocyst stage and related concerns

Blastocyst biopsy entails the removal of 5-10 trophec-
oderm (TE) cells and their CCT. The higher starting DNA
nput with respect to single cell analyses per se leads to
more reliable genetic diagnosis. Moreover, the TE is the
xtra-embryonic compartment of the blastocyst that gives
rigin to the placenta and the other embryonic annexes,
hile the inner cell mass (ICM), which gives origin to the

oetus, is kept untouched.

Blastocyst biopsy methods
Three different blastocyst biopsy approaches have

een described: day 3 hatching-based blastocyst biopsy
ethod [13], sequential zona opening and blastocyst
iopsy method [14] and day 5/6 hatching-based blastocyst
iopsy method [15]. The first protocol is still the most com-
only adopted. It entails the laser-assisted zona pellucida
rilling at the cleavage stage and extended culture to blas-
ocyst stage for the biopsy. The artificial herniation should

nvolve an easier retrieval of the biopsy fragment, provided
hat the ICM will not start hatching from the same hole,
.e. a putative drawback of such approach. In addition,
he embryo is exposed twice to sub-optimal environmen-
al conditions and laser pulses (to make the hole in day3
nd to retrieve the TE cells at the blastocyst stage) and its
ull expansion is prevented by the presence of the hole.

Médecine de la Reproduction, vol. 20, n◦ 4
Nonetheless, no RCT to date has ever compared the day3
hatching-based method to the other two blastocyst biopsy
approaches. The latter protocols do not involve any manip-
ulation in day3 and the embryo is left undisturbed until the
blastocyst stage, avoiding any potential useless source of
stress at the cleavage stage. Then, once the blastocyst is
obtained and fully-expanded, the day 5/6 hatching-based
protocol is more time-consuming and not recommended
in a busy PGT unit, differently from the sequential zona
opening and TE biopsy protocol which instead involves a
higher flexibility for the laboratory in the logistic organi-
zation of the daily workload.

TE biopsy is an extensively validated and clinically
solid approach; it is considered safe, standardized, infor-
mative and cost-effective. A milestone paper in this
field is again represented by the non-selection RCT of
Scott and colleagues [6], where similar implantation rates
were reported between biopsied and sibling non-biopsied
untested blastocysts, differently from what outlined for
cleavage stage biopsy. Then, several studies conducted in
the last few years contributed to the growing worldwide
confidence in the implementation of this approach [16-19]
(summarized in figure 2).

To investigate PGT efficiency, two meta-analyses pub-
lished in 2015 [20, 21], revealed consistently higher
implantation rates per transfer and lower miscarriage when
euploid rather than untested blastocysts were replaced
in both RCTs and observational studies published along
the last decade. The American Society of Reproductive
Medicine (ASRM) and the Society of Assisted Reproduc-
tive Technologies (SART) recently recognized the clinical
value of blastocyst stage PGT, yet outlining the require-
ment for further investigations on the following pending
issues: cost-effectiveness, role and effect of cryopreserva-
tion, time to pregnancy, utility in specific subgroups of
patients, cumulative success rate over time, total repro-
ductive potential per intervention [22].

Despite all these evidences, TE biopsy is still perceived
as the most complicated amongst all biopsy approaches,
especially since its application is a multidisciplinary and
demanding task. In fact, ICSI, blastocyst culture, vitrifica-
tion and cryopreserved (single) embryo transfer (ET) must
be well-consolidated skills in the laboratory to implement
TE biopsy.

Hereafter we reviewed the main criticalities of the
techniques indirectly required to efficiently implement
a TE biopsy-based PGT strategy (the main advantages
and disadvantages of each technique are summarized in

figure 3).

ICSI-related concerns

A particular concern dealt with the systematic use of
ICSI, which is critical for a successful diagnosis during PGT

, octobre-novembre-décembre 2018 287
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ycles. The rationale is to guarantee a single sperm fertil-
zation, to avoid the potential contamination from extra
aternal gametes adhering to the zona pellucida, and to
revent or minimize the risk for fertilization failure (FF).

ICSI was initially introduced in IVF to treat male-factor
nfertility, but then became common in case of border-
ine or normal semen parameters. Given the accumulating
vidence of its safety and efficacy, ICSI has been widely
sed in unexplained infertility, poor oocyte quality, low
ocyte yield, or AMA to improve fertilization rate (FR)
nd to reduce total FF. The proponents of such indica-
ions for ICSI suggest that its routine use provides more
ccurate information about oocyte quality and maturity,
ypasses any potential barriers to fertilization, and opti-
izes fertilization outcomes. However, the efficacy of ICSI

n non-male factor infertility is still controversial. Some
tudies reported that the FR and the blastocyst rate were
ignificantly higher in the ICSI group compared to the
onventional IVF group, concluding that the fertilization
ethod can be tailored accordingly to improve IVF out-

omes [23]. The meta-analysis by Lauren in 2013 [24]
upports the use of ICSI to increase FR and decrease the risk
f total FF in couples with well-defined unexplained infer-
ility, but also suggested further studies to determine the
mpact on clinical pregnancy and LBR. In fact, FR and FF
re just intermediate outcomes that may not mirror embryo
uality and pregnancy potential. In this regard, when set-
ing pregnancy and LBR as primary outcomes, ICSI was
eported even less efficient than IVF in the absence of

diagnosis of male factor infertility (SART and CDC.
RT success rates: national summary and fertility clinic

eports. 1996–2002), as reported also in a large multi-
enter RCT [25]. Interestingly, the data derived from the
ational Assisted Reproductive Technology Surveillance

ystem (NASS), based on the information from all ART
ycles performed in the USA between 1996-2012, showed
hat ICSI use doubled across the years and reached up to
6.2% of all fresh IVF cycles. In presence of male factor
nfertility, the reproductive outcomes including pregnancy,
iscarriage and LB rates were comparable to conventional

VF after adjusting for confounders. On the other hand,
ower outcomes were reported when ICSI was used in the
bsence of male factor infertility. These findings suggested
hat ICSI might improve FR but not implantation or preg-
ancy rates in case of unexplained infertility, AMA or low
ocyte yield [26].

However, Nelson and Lawlor published an outstand-
ng multivariate analysis from the Human Fertilization

nd Embryology Authority (HFEA) database to investi-
ate all the putative predictors of live birth from the
VF cycles performed in the UK between 2003-2007
N= 144,018). They reported that ICSI involves signifi-
antly higher chance of success. Furthermore, reduced
dds for both preterm birth and low birthweight in sin-
leton pregnancies (n = 24,226) derived from ICSI than

Médecine de la Reproduction, vol. 20, n◦ 4
from conventional IVF [27]. Another concern is indeed
represented by post-natal outcomes since studies have
shown increased risks for de novo chromosomal aberra-
tions [28, 29], major congenital anomalies [30, 31] and
imprinting disorders [32, 33] in children conceived after
ICSI was used. However, it is still unclear whether the
increased risks reported were associated with the use of
ICSI or were instead confounded by male-factor infertility
per se.

In conclusion, still no clear criticism can be moved
towards the systematic use of ICSI, since an unbiased evi-
dence of pre or post-natal impact cannot be sustained to
date. Therefore, the practice committees of the ASRM and
SART did not support the routine use of ICSI in patients
without male factor infertility, but could not either exclude
its use when required, such as in case of insemination of
in vitro matured or cryopreserved oocytes, patients with
experience of total FF and PGT.

Blastocyst culture-related concerns

The Cochrane review by Glujovsky and colleagues
showed that blastocyst culture in good prognosis patients
results in a reduced number of embryos available for trans-
fer and/or cryopreservation [34] (i.e. indirectly involving a
lower workload for the laboratory). However, despite this
reduction, the CLB and miscarriage rates after blastocyst
transfer were comparable to cleavage stage ET with signif-
icantly higher LBR per transfer (37% versus 29%). In other
terms, blastocyst culture involves a better embryo selection
without impact on the intrinsic reproductive potential of
competent embryos. Then, the straightforward speculation
is that, if the culture system is efficiently set, the embryos
that do not reach the blastocyst stage are most proba-
bly reproductively-incompetent. Nevertheless, extending
embryo culture to blastocyst involves a greater and pro-
longed exposure to different potential sources of stress that
must be limited and controlled, as well as higher culture-
related costs for the IVF unit. Both chemical and physical
factors can affect embryo development in vitro as com-
prehensively reviewed by Wale and Gardner [35], and
blastocyst biopsy can be introduced in an IVF laboratory
only if these critical prerequisites are fulfilled (summarized
in table 1).

Among the numerous factors that influence the qual-
ity and competence of embryos in IVF, particular attention

has been given to the culture media formulation. Differ-
ent culture media are currently used clinically. The culture
strategies can be mainly classified as sequential or contin-
uous. The former strategy involves embryo culture up to
the cleavage stage in a first medium to then move it to a dif-
ferent medium up to blastocyst. The rationale behind this
change-over step is to mirror the different concentrations

, octobre-novembre-décembre 2018
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Table 1. Recommendations not to affect embryo development during culture in vitro. VOC, Volatile Organic Compound; CAC,
Chemical airborne contaminants

Air quality Incubators Culture Manipulation

Physical
factors

Monitor frequently to assure
a range of particles and
microbiological parameters
within tolerable values

Use proper filtering systems

Off-gas plastic ware, if
required

Provide barriers against
VOCs

Assure a right number of
incubator based on the
number of cycles performed

Infra-red CO2 sensor
incubators

Maintain the steadiness of
the temperature through a
certified thermometer

Monitor gas concentration
and temperature through
calibrated digital carbon
dioxide/oxygen analysis
units

Minimize incubator’s door
openings

Minimize pH variations
around the set point for
each specific media

Use a proper oil overlay to
avoid evaporation and
hence prevent the medium
from becoming
hyperosmotic

Minimize the exposure to
light

Set a correct drop volume
and number of embryos per
dish

Minimize the number of
manipulations to reduce
exposure to atmospheric
oxygen, light and room
temperature

Limit the time outside of the
incubator

Do NOT pipette vigorously

Consider the thermal
conductivity of the specific
dish to calibrate the
temperature on warming
stages.

Prefer working within an
isolate/humidified chamber
to stabilize temperature, pH
and provide a barrier to
VOCs

Chemical
factors

Provide barriers for CACs
that can infiltrate the
laboratory, the incubator,
and ultimately the culture
media.

Prefer the use of low odor

Keep the oxygen
concentration below 10%

Avoid changes in medium
composition in static
culture

Minimize toxin levels

Minimize ammonium other
embryo-derived metabolites

Limit the exposure to
hyaluronidase during
oocyte denudation

Prefer mechanical
protocols or the use of a
laser rather than chemical

o
T
a
c
D
t
h
m
t
f
p
e
i

i
d
m
a
t
p

specialized paints and
avoid sealants and toxic
glues in the design of the
laboratory

Positive pressure airflow

f nutrients between the Fallopian tube and the uterus.
he continuous culture strategy instead does not involve
ny media change-over and, based on the “let the embryo
hoose” idea, provides all the requirements from day 0.
ifferent studies have compared the two strategies across

he years: no effect on LBR was described, just a slightly
igher blastocyst rate through some kind of continuous
edia could be reported [36]. Therefore, if none of the

wo strategies might be considered better than the other
rom a clinical perspective, still a continuous approach is
ossibly more cost-effective and limits the exposure of the
mbryos to useless chemical and physical sources of stress
n day 3 of preimplantation development.
Time lapse incubation has been recently introduced
n IVF. This system allows to film embryo preimplantation
evelopment within a controlled and undisturbed environ-
ent, thereby collecting the related timings of cell division

nd inspect putative predictive algorithms. Nonetheless,
ime lapse developmental parameters showed very limited
redictive power to conduct embryo selection, espe-

Médecine de la Reproduction, vol. 20, n◦ 4
accumulation
treatments to drill the zona
and weaken the junctions
between embryonic cells

cially in a setting already involving blastocyst culture and
aneuploidy testing [37]. In fact, no increased clinical out-
comes with respect to conventional incubation have been
reported to date [38]. Still, if the system is already in-house,
it guarantees undisturbed culture conditions, as well as a
deeper investigation of embryo fertilization and develop-
mental events, which are important advances that should
not be disregarded.

While no consensus has been reached regarding the
clinical usefulness of time lapse parameters, the controlled
and undisturbed nature of embryo culture conducted in
time lapse incubators has pointed out the detrimental
and irreversible impact of atmospheric oxygen on embryo

development [35]. In fact, an atmosphere rich in oxygen
generates a greater quantity of reactive oxygen species
(ROS) which are in turn responsible for affecting cell func-
tion at several levels (e.g. structure of membranes and
organelles, damaging DNA and altering genetic expres-
sion) [35]. The importance of a low oxygen concentration
is particularly crucial when culturing embryos up to the

, octobre-novembre-décembre 2018 291
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lastocyst stage, possibly since ROS production gradually
ncreases at advanced stages of development. However, a
egative influence cannot be excluded even if culture is
imited to day 2 or day3 of development. In fact, the first
nd to our knowledge only Cochrane review investigat-
ng the LBR according to oxygen concentration showed

significant increase in the LBR in the low oxygen arm
39], as confirmed also from a more recent meta-analysis
ublished in 2016 [40].

A last concern is related with obstetrical and neonatal
utcomes after blastocyst transfer. Also, when addressing
his issue, controversial data were published, possibly due
o different study selection parameters, patient population
nd IVF laboratory settings (e.g. fresh or cryopreserved
T). Some studies reported higher risk for preterm birth,
erinatal mortality and placental complications with blas-
ocyst rather than cleavage stage ET [41, 42]. However,
uch result was reported only when singleton pregnancies
chieved after fresh transfer were accounted and could not
e confirmed when cryopreserved transfers were instead
nspected [43]. The inspection of cryopreserved blastocyst
ransfer highlighted only a higher risk of infants large for
estational age, a condition certainly less alarming. Then,
urther criticisms were also recently moved to the claims
f worse obstetrical and neonatal outcomes derived from
lastocyst transfer. In particular, the systematic review and
eta-analysis by Martins and colleagues, excluded signif-

cant differences regarding the incidence of birth defects
r low birth weight between blastocyst and cleavage stage
ransfers, while the risk for small for gestational age seemed
ven higher with the latter strategy [44]. Finally, also
mbryo culture conditions should be taken in account. In
act, while the studies reporting adverse effects by perform-
ng extensive cultures in vitro seem to have in common the
se of 20% oxygen tension [45], the studies using instead
ow oxygen tension do not report any adverse effect on the
hildren born following extended culture [46, 47].

To conclude, perinatal and postnatal outcomes clearly
eed to be monitored in the next years to shed more
ight on this still unclear topic. A clear evidence
ight be produced only if putative confounders (e.g.

resh/cryopreserved transfer, high/low oxygen tension) will
e accounted in the investigation.

mbryo cryopreservation-related
oncerns
In order to implement blastocyst stage biopsy in an
VF unit, a validated cryopreservation system is manda-
ory. The implementation of cryopreserved ET strategy has
rown across the last years. In Europe in 2011 the cryopre-
erved transfer cycles represented 32% of the procedures
erformed, a rate that in northern European countries (i.e.

Médecine de la Reproduction, vol. 20, n◦ 4
Switzerland, Finland, Netherlands, Sweden and Iceland)
even exceeded 50% [48]. These numbers are imputable
to an increased implementation of strategies such as cycle
segmentation (i.e. cryopreservation after ovarian stimula-
tion and transfer on a non-stimulated endometrium in a
following menstrual cycle), oocyte banking for medical or
non-medical reasons and PGT.

Numerous cryopreservation protocols have been
introduced with different type and concentration of
cryoprotectants, equilibration timing, cooling rates and
cryopreservation devices used. However, all of them can
be classified as representative of either slow-freezing
or vitrification approach [49]. According to the for-
mer approach (equilibrium freezing), the cells or tissues
are equilibrated in a low concentration of cryoprotec-
tants, then with the support of a programmable freezing
machine, they are exposed to a slow decrease in tempera-
ture until the final transfer into liquid nitrogen for storage.
Vitrification (non-equilibrium protocol) instead combines
the use of high concentration of cryoprotectants with ultra-
rapid cooling rates involved by the direct contact of the
cells or tissues with liquid nitrogen: an amorphous glassy
solid is formed which prevents from the formation of ice
crystals.

The use of one technique over another depends on
the type of biological material that must be cryopre-
served. Vitrification has been agreed as the best method
for blastocysts and oocytes with survival rates as high
as 96-98%, while comparable results might be achieved
with cleavage stage embryos (94%) with the two cryop-
reservation protocols. These data have been systematically
reviewed in the meta-analysis by Rienzi and colleagues
[50], which also highlighted how vitrification is becoming
more widespread in the IVF practice worldwide, especially
since it has been recognized a safe clinical approach by
the ASRM and the SART [51] involving high CLBR.

Recently, the systematic application of vitrification in
two experienced IVF centers resulted in survival rates even
higher than 99% if a collapsed blastocyst was cryopre-
served both after laser-assisted artificial shrinkage during
conventional IVF cycles or after TE biopsy during PGT ones
[19]. These rates were even significantly higher than what
reported for non-biopsied and non-collapsed blastocysts
during conventional IVF cycles (ca. 97%). An evidence
that further supports the high resistance of human blasto-
cysts to embryo manipulation which, for some instances,
can even be beneficial. From a procedural perspective,
the survival rates were consistent across different vitri-

fication and warming operators and/or commercial kits
adopted [19]. Lastly, we recently reported that in case of
inconclusive diagnoses involving the need for a second
CCT analysis, a further TE biopsy and vitrification-warming
cycle did not seem to impact embryo reproductive poten-
tial [17, 52]. All these evidences together support the
reliability of a setting which entails blastocyst biopsy and

, octobre-novembre-décembre 2018
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itrification in the hands of expert operators and equipped
VF units.

resh or cryopreserved
mbryo transfer?

Fresh and cryopreserved ET could result in similar
elivery rates [53], but the latter might be safer in terms of
bstetrical and perinatal outcomes (i.e. less likely perina-
al mortality, small for gestational age, preterm birth, low
irthweight and hemorrhage) [54]. Nevertheless, some
uthors claimed that also higher delivery rates are involved
rom cryopreserved ET [55]. Accordingly, some evidences
emonstrate that the endometrial receptivity might be
mpaired in fresh transfer cycles due to a putative neg-
tive effect of the ovarian stimulation on endometrial
ranscription and angiogenesis [56]. Therefore, a freeze-
ll approach (regardless the adoption of PGT or any other
trategy of embryo selection) was suggested not only to
inimize the risk of ovarian hyperstimulation syndrome
ut also to increase the chance of implantation. In conclu-
ion, if no clear statement might be done to support that a
reeze-all strategy is better than a fresh transfer approach,
owever the former is certainly not to be discouraged
hen strictly required, as for PGT purposes.

hromosomal mosaicism
nd related concerns

Chromosomal mosaicism is a phenomenon repre-
ented by karyotypically-different cell lines in the same
mbryo. These intercellular differences in chromosome
ontent is a consequence of post-zygotic chromosomal
issegregation. Mitotic aneuploidies can occur at all
reimplantation stages and seem independent from mater-
al age [4], differently from meiotic constitutive (uniformly
resent in all cells) ones [1]. If a mitotic error occurs in
n embryo which was already aneuploid because of a
re-existing meiotic impairment, the embryo will be an
neuploid-aneuploid mosaic, which does not represent an
ssue for PGT since the embryo will be classified aneu-
loid in any case. On the contrary, a mitotic error in the
bsence of meiotic ones originates an euploid-aneuploid
osaic embryo, which represents a hazard for a correct
iagnosis.
Chromosomal mosaicism: general
considerations
While the reproductive consequences of full-

hromosome meiotic aneuploidies are well-defined,
hen it comes to mitotic aneuploidies they might vary
ccording to many variables like the chromosome

Médecine de la Reproduction, vol. 20, n◦ 4
involved, the developmental stage of missegregation
occurrence (the earlier the mitotic error, the greater the
prevalence of mosaicism and vice versa), the location of
the cells involved [57-59].

Detecting mosaicism in human embryos is a chal-
lenging task. Indeed, several studies reported extremely
variable estimates [60, 61]. The highest evidence of
mosaicism in an embryo is represented by recipro-
cal aneuploidies (e.g. trisomy-monosomy for the same
chromosome) reported by a double biopsy and blinded
analysis. Currently, mosaicism is instead reported clini-
cally based on a single TE biopsy and the fluctuation of
the copy number profile for a (or several) specific chromo-
some(s) [62]. This represents per se a limitation to a proper
detection, since this framework might suffer from biologi-
cal, technical and methodological issues. For instance, the
attempt of reporting mosaicism from a single 5-10 cells
biopsy involves an inevitable sampling bias, implicit to
the definition of mosaicism itself.

Detecting mosaicism at the cleavage stage
Even if the inactivation of cell cycle control in the early

cell divisions along preimplantation development makes
mitotic segregation error-prone [3, 4] and mosaicism more
likely at the cleavage stage, an accurate estimate of its
prevalence from blastomeres is tricky. In fact, the analy-
sis of normal blastomeres could frequently involve a false
positive diagnosis. Therefore, when multiple blastomeres
retrieved from the same embryo at the cleavage stage
are analysed in separate reactions by CCT platforms (e.g.
array-CGH), even a single artefact is sufficient to erro-
neously classify that embryo as mosaic [62-64]. At last,
mosaicism cannot be detected in a clinical setting at the
cleavage stage. In fact, this approach entails the CCT of
just one cell.

Detecting mosaicism at the blastocyst stage
The multicellular nature of TE biopsies allows an

improved chance to estimate mosaicism from both a basic
research and a clinical workflow [2, 62, 65]. Indeed,
several published studies have reported the clinical imple-
mentation of CCT technologies to estimate mosaicism at
the blastocyst stage from a biopsy (e.g. [66, 67]).

However, attempting to “diagnose” mosaicism entails
biological and technical limitations that cannot be dis-
regarded. In fact, even if PGT technologies have been
perfected to minimize errors and optimize the diag-

nosis, full accuracy is utopian and the diagnosis will
always face some artefacts and limitations that need to be
acknowledged to both the practitioners and the patients
[2, 62, 65, 68]. Moreover, the more the sensibility of a
diagnostic technique is pushed, the more its specificity
might be reduced [69]. This is especially true if, as in
the case of the NGS-based “diagnosis” of mosaicism, no

, octobre-novembre-décembre 2018 293
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urther molecular procedure are involved, but simply the
ustomization of downstream bioinformatic parameters to
nspect the data [70]. The “diagnosis” of mosaicism is
ndeed based on two premises: i) the fluctuation of the
opy number profile of a specific chromosome in the
iddle between the disomy and aneuploidy thresholds
ictured in the CCT plot might derive from a biopsy com-
osed on both euploid and aneuploid cells, ii) the biopsy
ontaining both euploid and aneuploid cells might be rep-
esentative of the same condition in the rest of the TE and
he ICM. In other terms, a “diagnosis” of mosaicism is con-
eptually unrealistic, while a “prediction” of the chance
hat an embryo is mosaic better describes the attempt of
eporting clinically such condition based on the CCT of
ew TE cells. Hereafter, we reviewed the putative sources
f biological and technical artefacts.

Putative biological artefacts
– An equal number of TE cells carrying a reciprocal

neuploidy (e.g. monosomy-trisomy for the same chromo-
ome) due to a mitotic nondisjunction event might result
n an euploid plot since the DNA missing from some cells
ill be compensated by the additional DNA from the other
ells. In this case a mosaic blastocyst could be erroneously
iagnosed as euploid.

– Polyploid embryos (e.g. trisomic) with an extra (e.g.
etrasomy) or missing (e.g. disomy) chromosome can be
eported as mosaic.

– A TE biopsy with a significant presence of cells in
he S-phase of the cell cycle can result in a copy number
rofile erroneously indicative of mosaicism.

Putative technical artefacts
Few TE cells are not sufficient to provide enough

tarting DNA input to perform the analysis, therefore
DNA enrichment step (pre-amplification) is required
hich might introduce a bias. Either an over-amplification
f a specific chromosome possibly resulting in an euploid
mbryo “diagnosed” as mosaic, or an under-amplification
f a specific chromosome possibly resulting in an aneu-
loid embryo “diagnosed” as mosaic.

DNA contamination: an aneuploid biopsy could
e contaminated by euploid cells from the operator(s)
nvolved in the biopsy and/or molecular analysis proce-
ures. In this case the chromosome copy number from
he biopsy is lowered and an aneuploid embryo might be
rroneously reported as mosaic.
Clinical considerations and future perspectives
The most reliable estimate of the prevalence of

osaicism at the blastocyst stage derives from research
apers where donated human embryos were disaggre-
ated in different sections of the whole TE and related
CM, then analysed separately [71-77]. If accounting
nly full chromosome aneuploidies, the prevalence of
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euploid-aneuploid mosaicism did not exceed 5-6% of the
blastocysts analysed (overall more than 400 to date). In
contrast, if the analysis is performed on a single TE biopsy,
the reported prevalence of euploid-aneuploid chromoso-
mal mosaicism raises up to more than 14% (even more
than 20% if including also mosaic segmental aneuploi-
dies; overall more than 29,000 blastocysts analysed) [78].
The gap among the prevalence reported from research
and clinical studies might be imputed to the biological
and technical artefacts listed above and their impact on
the reliability of “diagnosis” of mosaicism based on few
TE cells. A 5-6% prevalence of euploid-aneuploid mosaic
blastocysts is more reasonable even when compared to the
rates reported from prenatal diagnosis. Mosaicism is lower
than 2% from both spontaneous and IVF-derived pregnan-
cies diagnosed after chorionic villus sampling, where true
foetal (not placental confined) mosaicism confirmed via
amniocentesis is even lower than 0.5% [79].

Counselling a couple that receives a PGT report iden-
tifying a blastocyst as mosaic based on a single TE biopsy
is still chancy at present. The IVF practitioners and genetic
consultants in fact cannot yet estimate the clinical positive
and negative predictive values underlying the transfer of
a “mosaic” blastocyst, nor the inherent reproductive haz-
ards are foreseeable. The answers to this controversy might
be produced only through non-selection studies where
“mosaic” blastocysts must be transferred blindly to both
the clinician and the couple. Only after the clinical out-
come would be established, the plots should be unblinded
to outline the chance that a blastocyst reported mosaic
after CCT would have implanted, involved a miscarriage
or an implantation failure. This design was adopted back
in 2012 by Scott and colleagues to define the positive
and negative predictive value of SNP-array-based CCT on
TE biopsies. This study, where only constitutive full chro-
mosome aneuploidies were accounted, represents still
nowadays the main landmark paper for PGT-related coun-
selling [80].

Conclusions

Across the years, the introduction of systematic ICSI,
blastocyst culture, freeze-all strategy, SET as well as an
increasing application of PGT in AMA patients in our
clinic did not affect the CLBR with respect to a previ-
ous framework mainly entailing fresh double ET at the

cleavage stage, while significantly reducing the miscar-
riage and multiple pregnancy rates [81]. These results
clearly demonstrate that the technological advances in
IVF, if conscientiously implemented after a strict valida-
tion, applied in couples with the proper indications and
constantly monitored for their performance, are not harm-
ful for the embryos and might lead to a higher efficiency
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Table 2. Key performance indicators involved by blastocyst stage preimplantation genetic testing. Basic competency and
benchmark values representing the minimal and the ideal outcomes achievable by performing IVF procedures entailed by

preimplantation genetic testing. A constant monitoring of these indicators in each unit is required to evaluate the laboratory skills
as part of the quality management system. Adapted from the Vienna Consensus: report of an expert meeting on the development
of ART laboratory performance indicators (2017). MII, metaphase II; PN, pronucleus; PB, polar body; SET, single embryo transfer.

Indicator Calculation Competency
value

Benchmark
Value

Insemination ICSI damage rate no. damaged or degenerated oocytes
no. injected oocytes

≤10% ≤5%

Fertilization ICSI normal fertilization rate no. oocytes with 2PN and 2PB
no. oocytes injected

≥65% ≥80%

Developmental
rate

Blastocyst development rate no. blastocysts obtained
no. oocytes with 2PN and 2PB

≥40% ≥60%
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iopsy Successful biopsy rate no. bio
no. bla

ryopreservation Blastocyst cryo-survival rate no. bla
no. bla

nd safety of the treatment. Importantly, human blasto-
yst seems more resistant to all putative sources of stress
han the oocyte or the cleavage stage embryo. In this
egard, any IVF-related manipulation, like zona pellucida
rilling, biopsy and vitrification might be more tolerated at
he latest stage of preimplantation development than dur-
ng the earlier ones (table 2 summarizes the competency
nd benchmark values of the key performance indicators
eeded for blastocyst stage PGT).

The future in this field might involve a further reduction
f the costs of genetic testing, as well as bring about a rev-
lutionary PGT framework based on the analysis of spent
ulture media as a totally non-invasive source of embry-
nic DNA. The latter, if scrupulously set and validated in
he next years, is expected to be a game-changer approach
n IVF since it will allow more clinics and patients to access
he benefits of PGT with even less putative methodological
rawbacks.
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Médecine de la Reproduction, vol. 20, n◦ 4
with a conclusive diagnosis
sts biopsied

≥90% ≥95%

sts survived
sts warmed

≥90% ≥99%

3. Braude P, Bolton V, Moore S. Human gene expression first occurs
between the four- and eight-cell stages of preimplantation develop-
ment. Nature 1988 ; 332(6163) : 459-61. doi: 10.1038/332459a0.

4. McCoy RC, Demko ZP, Ryan A, et al. Evidence of selection
against complex mitotic-origin aneuploidy during preimplan-
tation development. PLoS Genet 2015 ; 11(10) : e1005601. doi:
10.1371/journal.pgen.1005601.

5. Mastenbroek S, Twisk M, van der Veen F, Repping S.
Preimplantation genetic screening: a systematic review and meta-
analysis of RCTs. Hum Reprod Update 2011 ; 17(4) : 454-66. doi:
10.1093/humupd/dmr003.

6. Scott Jr. RT, Upham KM, Forman EJ, Zhao T, Treff NR.
Cleavage-stage biopsy significantly impairs human embryonic
implantation potential while blastocyst biopsy does not: a random-
ized and paired clinical trial. Fertil Steril 2013 ; 100(3) : 624-30. doi:
10.1016/j.fertnstert.2013.04.039.

7. Treff NR, Su J, Tao X, Northrop LE, Scott Jr. RT. Single-cell
whole-genome amplification technique impacts the accuracy of SNP
microarray-based genotyping and copy number analyses. Mol Hum
Reprod 2011 ; 17(6) : 335-43. doi: 10.1093/molehr/gaq103.

8. Van der Aa N, Cheng J, Mateiu L, et al. Genome-wide
copy number profiling of single cells in S-phase reveals DNA-
replication domains. Nucleic Acids Res 2013 ; 41(6) : e66. doi:
10.1093/nar/gks1352.

9. Rubio C, Bellver J, Rodrigo L, et al. In vitro fertilization with preim-
plantation genetic diagnosis for aneuploidies in advanced maternal
age: a randomized, controlled study. Fertil Steril 2017 ; 107(5) : 1122-
9. doi: 10.1016/j.fertnstert.2017.03.011.

10. Verpoest W, Staessen CPMB, Goossens V, et al. Preimplantation

genetic testing for aneuploidy by microarray analysis of polar bodies
in advanced maternal age: a randomized clinical trial. Hum Reprod
2018 ; 33(9) : 1767-76. doi: 10.1093/humrep/dey262.

11. Capalbo A, Bono S, Spizzichino L, et al. Sequential compre-
hensive chromosome analysis on polar bodies, blastomeres and
trophoblast: insights into female meiotic errors and chromosomal
segregation in the preimplantation window of embryo development.
Hum Reprod 2013 ; 28(2) : 509-18. doi: 10.1093/humrep/des394.

, octobre-novembre-décembre 2018 295



Journal Identification = MTE Article Identification = 0725 Date: February 12, 2019 Time: 5:45 pm

M

1
e
m
2

1
R
p
2

1
s
o
b
r

1
i
o
1

1
b
t
1

1
m
f
t
1

1
d
a
2
1

1
b
t
2

2
m
S

2
S
A
n

2
d
T
A
1

2
B
s
1

2
p
t
p
2

2
i
t
L

296
ini-revue

2. Handyside AH, Montag M, Magli MC, et al. Multiple meiotic
rrors caused by predivision of chromatids in women of advanced
aternal age undergoing in vitro fertilisation. Eur J Hum Genet
012 ; 20(7) : 742-7. doi: 10.1038/ejhg.2011.272.

3. McArthur SJ, Leigh D, Marshall JT, de Boer KA, Jansen
P. Pregnancies and live births after trophectoderm biopsy and
reimplantation genetic testing of human blastocysts. Fertil Steril
005 ; 84(6) : 1628-36. doi: 10.1016/j.fertnstert.2005.05.063.

4. Capalbo A, Rienzi L, Cimadomo D, et al. Correlation between
tandard blastocyst morphology, euploidy and implantation: an
bservational study in two centers involving 956 screened
lastocysts. Hum Reprod 2014 ; 29(6) : 1173-81. doi: 10.1093/hum-
ep/deu033.

5. Kokkali G, Vrettou C, Traeger-Synodinos J, et al. Birth of a healthy
nfant following trophectoderm biopsy from blastocysts for PGD
f beta-thalassaemia major. Hum Reprod 2005 ; 20(7) : 1855-9. doi:
0.1093/humrep/deh893.

6. Cimadomo D, Capalbo A, Ubaldi FM, et al. The impact of
iopsy on human embryo developmental potential during preimplan-
ation genetic diagnosis. Biomed Res Int 2016 ; 2016 : 7193075. doi:
0.1155/2016/7193075.

7. Cimadomo D, Rienzi L, Romanelli V, et al. Inconclusive chro-
osomal assessment after blastocyst biopsy: prevalence, causative

actors and outcomes after re-biopsy and re-vitrification. A mul-
icenter experience. Hum Reprod 2018 ; 33(10) : 1839-46. doi:
0.1093/humrep/dey282.

8. Capalbo A, Ubaldi FM, Cimadomo D, et al. Consistent and repro-
ucible outcomes of blastocyst biopsy and aneuploidy screening
cross different biopsy practitioners: a multicentre study involving
586 embryo biopsies. Hum Reprod 2016 ; 31(1) : 199-208. doi:
0.1093/humrep/dev294.

9. Cimadomo D, Capalbo A, Levi-Setti PE, et al. Associations of
lastocyst features, trophectoderm biopsy and other laboratory prac-
ice with post-warming behavior and implantation. Hum Reprod
018 ; 33(11) : 1992-2001. doi: 10.1093/humrep/dey291.

0. Dahdouh EM, Balayla J, Garcia-Velasco JA. Comprehensive chro-
osome screening improves embryo selection: a meta-analysis. Fertil

teril 2015 ; 104(6) : 1503-12. doi: 10.1016/j.fertnstert.2015.08.038.

1. Chen M, Wei S, Hu J, Quan S. Can Comprehensive Chromosome
creening Technology Improve IVF/ICSI Outcomes? A Meta-
nalysis. PLoS One 2015 ; 10(10) : e0140779. doi: 10.1371/jour-
al.pone.0140779.

2. Practice Committees of the American Society for Repro-
uctive M, the Society for Assisted Reproductive Technology .
he use of preimplantation genetic testing for aneuploidy (PGT-
): a committee opinion. Fertil Steril 2018 ; 109(3) : 429-36. doi:
0.1016/j.fertnstert.2018.01.002.

3. Kim MS, Kim J, Youm HW, Park JY, Choi HY, Jee
C. Embryonic development in human oocytes fertilized by
plit insemination. Obstet Gynecol Sci 2015 ; 58(3) : 217-22. doi:
0.5468/ogs.2015.58.3.217.

4. Johnson LN, Sasson IE, Sammel MD, Dokras A. Does intracyto-

lasmic sperm injection improve the fertilization rate and decrease
he total fertilization failure rate in couples with well-defined unex-
lained infertility? A systematic review and meta-analysis. Fertil Steril
013 ; 100(3) : 704-11. doi: 10.1016/j.fertnstert.2013.04.038.

5. Bhattacharya S, Hamilton MP, Shaaban M, et al. Conventional
n-vitro fertilisation versus intracytoplasmic sperm injection for the
reatment of non-male-factor infertility: a randomised controlled trial.
ancet 2001 ; 357(9274) : 2075-9.
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